ABSTRACT KAO, C. Y. AND BRIAN F. HOFFMAN. Graded and decremental response iu heart muscle fibers. 1958-Simultaneous records of the transmembrane potential from two points in a single cardiac fiber indicate that during the refractory period when repolarization is about half complete graded responses appear close to the site of stimulation. These responses to cathodal pulses vary in amplitude with stimulus intensity and may show spatial decrement even when an overshoot is present close to the stimulating electrode. The results obtained indicate that the transition from graded to all-or-none response does not depend solely on the restoration of membrane potential. In some experiments stimulation was accomplished by employing one lumen of a double microelectrode; in others single Purkinje fibers were stimulated by action potentials propagated from attached papillary muscle. Similar graded responses were elicited in both instances. The experiments employing propagating action potentials as stimuli suggest the possible occurrence of graded activity as a response mechanism in the intact heart. CTIVITY in excitable tissues is not al-
1958-Simultaneous records of the transmembrane potential from two points in a single cardiac fiber indicate that during the refractory period when repolarization is about half complete graded responses appear close to the site of stimulation. These responses to cathodal pulses vary in amplitude with stimulus intensity and may show spatial decrement even when an overshoot is present close to the stimulating electrode. The results obtained indicate that the transition from graded to all-or-none response does not depend solely on the restoration of membrane potential. In some experiments stimulation was accomplished by employing one lumen of a double microelectrode; in others single Purkinje fibers were stimulated by action potentials propagated from attached papillary muscle. Similar graded responses were elicited in both instances. The experiments employing propagating action potentials as stimuli suggest the possible occurrence of graded activity as a response mechanism in the intact heart.
CTIVITY in excitable tissues is not al-

A
ways of an all-or-none character.
In some instances graded responses, which vary in amplitude with the intensity of the stimulus, constitute the only type of activity occurring.
In other tissues graded activity is an alternative which is normally superseded by the all-or-none response (I, 2). Examples of this are seen in the axons of several species in which graded activity appears when the all-or-none response is suppressed by refractoriness (3) (4) (5) or by microinjection of pharmacological agents (5) Under such conditions a response which reaches almost full spike amplitude but fails to propagate occurs close to the stimulating cathode. The purpose of this paper is to show that in mammalian heart muscle graded activity of this type can be demonstrated during the refractory period following a normal action potential.
The results to be described differ from those previously reported in one important manner.
In axons and also in skeletal muscle (6) Received for publication October 8, 1957 . 1 Supported in part by a grant from the New York Heart Association. graded response can only be shown under certain experimental conditions. In preparations of heart muscle, on the other hand, advantage can be taken of the different durations of the action potentials in contiguous fibers of ventricular muscle and Purkinje system (7).
Since the latter fibers have the longer action potential, propagated action potentials in ventricular muscle fibers can be timed so as to stimulate the Purkinje fibers at various intervals during the phase of repolarization. Under these conditions graded, local responses are elicited in the Purkinje fibers. It seems likely that a similar phenomenon may occur in the intact heart with appropriately timed ventricular extrasystoles. Cardiac muscles of cats and dogs gave similar results but the records presented in this paper were all obtained from preparations of dog heart tissue.
KESULTS
The membrane potentials measured in these experiments were similar to those obtained previously (12, 13 Figure 2 illustrates a case in which stimuli t,hat were applied to the end of a papillary muscle (A), elicited first the characteristic muscle response (H) (top trace), and after an appropriate conduction delay, the response of the Purkinje fiber (bottom trace). The shorter action potential of the muscle fiber allowed it to be re-excited earlier than the Purkinje fiber (C), a fact which made possible eliciting responses during the repolarization phase of the Purkinje fibers (D). Contrasted with the conditioning responses, the test responses in the muscle that appeared before complete repolarization had taken place had several distinctive features. These consisted of a longer latency, slower rising phase, reduced peak amplitude (C) and shorter duration (C, D). These features are similar to those described by Weidmann (17) and have been explained by him on the basis of the recovery of the membrane potential and the availability of sodium carriers which the membrane potential controls.
Sometimes apparently paradoxical events occur when early re-exci t a t ion is produced, In figure 2/i, when the testing response of the papillary muscle appeared shortly before complete repolarization of that muscle, the response of the I'urkinje fiber appeared only aft er a long latency.
Conversely, when the testing response fell later, at (E) or after (1')) complete repolarization of the papillary muscle, the latency preceding the corresponding responses of t he I'urkin je fiber short ened. These latter responses of the I'urkin je fiber (E, F) also had faster rising phases mtl higher amplitudes than the response in I>, consistent with the demonstrated effect of membrane potential on inward sodium current (18). The cause of the change in latency is not apparent from these records. It might be presumed, however? that the delayed appearance of the propagated action pot en tial in E and 17 was caused by a slowly rising local response in the junctional region (19) which does not appear in the records because of spatial decrement.
The existence of such loca.1 responses can be demonstrated when records of the transmembrane potential are obtained from a site close to the Purkinje fiber-papillary muscle junction.
In the experiment shown in figure 3 F Figure 5 illustrates two such cases in which graded responses were produced by varying the strength of stimuli applied at a fixed time during repolarization. In A-D, the proximal electrode (top trace) was located within 0.2 mm of the stimulating cathode, while the distal electrode (bottom trace) was 1.8 mm further away. In all cases the 2o-msec. long test pulse, delivered shortly after half repolarization, was capable of producing a large response at the cathode, but only a decremental response at the distal locus. The proximal response was small when the test pulse was weak (B), and increased (C) reaching full amplitude (D) when the test stimulus was made stronger. Even when an overshoot was present in the proximal response (C, D), the distal locus produced only decremental activity. Thus, the test responses at the cathode varied from 85 mv (B) to IOO mv (0) but remained essentially local. The decremental nature of the graded response was more obvious when the interelectrode distance was increased to 5.5 mm (fig. 5, E-H). The second stimulus was applied 20 msec. later than that in the previous case. When it was made stronger, the proximal response (top trace) underwent a gradual change from 54 mv (E) to 60 mv (F) and then to 77 mv (G and H) . The corresponding responses at the distal site (bottom trace) changed more rapidly from 18 mv (E), to 85 mv (H). All the distal responses had a distinct local component which was most prominent in G. Without additional tlel)olariz~btior at the cat hodal region such a response could abruptly turn into propagated activity (11). The transition from graded to propagated action potential was accompanied not by an increase of amplitude of the proximal response, but by an increase in its duration.
Sie$e Purkinje fibers. Several disatlvantages are inherent in the experimental procedure described above. In the case of the Purkinje fiber-papillary muscle preparation, exact localization of the microelectrode at the junction can be made only after probing the region several times.
For this preparation as well as for papillary muscle additional difficulties may arise if the two recording electrodes are in different areas that have differen t, rates of repolariza t ion. While a suprathreshold surface stimulus capable of exciting all responsive fibers reduces some of the dif'ficulties, more conclusive evidence CXII be obtained by using a single fiber. When ;I test stimulus is introduced during the refractory period of whole hearts or bundles of cardiac muscle charac t eris t ic features occur in the response elicited (cf. IO, 13, 20) . Figure 6 illustrates the changes occurring in a single fiber and recorded simultaneously at two loci. Figure 8A shows graphically the relation bet ween response amplitude and stimulus interval. The top trace in figure 6 represents activity immediately at the cathode; the bottom trace, that 2 mm away. When the test shock was brought earlier, there was a gradual decline in the amplitude of the responses at I he cathode and a more abrupt decline of t hatat the distal site. Detailed examination shows other interesting points: The earliest responses were clearly decremental as evidenced by the attenuated activity at the distal locus. The 5 t h 7 th responses .
at the cathode were larger and of longer duration.
At the distal site, these were much prolonged and notched, the second peak being equal in height to the first (5 t h response) or larger (6th and 7 t h responses). The first peak at the distal site clectroclcs.
Ikt;ds in tv\t.
corresponded t 0 the peak of t hc response at the cathode and represented decremcii t et1 a*-tivity. The second peak, however, must be attributed to local activity in a more excitable neighboring region. hi the 81 h 10th responses, the second peaks have increased further. Wit h still later stimuli, all-or-none responses ensued (11th -13th) beginning closer to the distal site than to the stimulating e1er.t rode. The influence of decrement al responses upon the measurement of refract or-y period was recognized by Lewis and I I rut-y (2 I ). The significance of the effects of varying stimulus interval in this respect is discussed in wnjunction with o t her esperimeii t s (7). Figure  Cl shows it may lag slightly, or it-may be more rapid depending on the responsiveness of the impaled region. Inv:~riably however, an abrupt change in amplitude occurs with the beginning of propaga t ion. EEP I'CT OF STIMI_J IXS I NT I{: K ST'I'~'. I 11 most of the preceding sections the existence of graded response in heart. muscle has been shown by stimulating with a fixed strength in differen t stat es of repolarizat ion. The rela-tionship between the strength of stimulus and response amplitude is shown in figure 7 . The preparation and arrangement is the same as that shown in figure 6 . At a fixed interval, an inward current pulse passed through one side of the double microelectrode was progressively increased in amplitude.
The pulse itself was registered as a distorted rectangular wave in a depolarizing direction.
The capacitative surges on the make and break of the current were too fast to be photographed, but the latter went downwards and served as a clear demarkation from the tissue response. cases propagation was initiated by activity of some area adjacent to the distal site as evidenced by the earlier appearance of the responses there. The relation between response amplitude and stimulus strength is shown in figure 8H in which stimulus intensity is measured in arbitrary units. At the cathode, large responses of different amplitudes can be produced by increasing the stimulus intensity without triggering propagation.
The amplitude of the distal response again shows a sharp inflect ion upon the occurrence of propagat ion.
The results discussed so far were obtained from preparations immersed in a solution containing 1.8 mM (:a++. This amount was twothirds that usually used for dog heart, and was employed to reduce mechanical activity (12) .
When a higher concentration of Ca++ (2.7 rn$ WLLS used, several differences were observed.
Graded responses were less easily elicited in both Purkinje fiber ( fig. 94 B) and papillary muscle (C', D) because there tended to be a more abrupt change from small subthreshold responses to propagated ones. In the former tissue when stimulus interval was lengthened (A sponses were produced at the cathode. Similarly, with increasing stimulus intensity, long-lasting local responses were present (H). In papillary muscle larger graded responses could be produced at the cathode and decrement was more pronounced (C, 0). At comparable distances elec tro tonic decay of proxima1 respon ses occurred faster than in low Ca++ medium so that only the largest responses were recorded at the distal site (0).
When stimuli were applied later during recovery, propagated activity might be initiated in a more excitable region (3rd proximal trace in C) before any decremented response became manifested at the distal site. In general, reducing the Ca+f slightly enhanced gradation in amplitude of the testing responses without affecting the conditioning responses.
DISCUSSION
Graded response is known to occur under certain conditions in excitable tissues which normally produce all-or-none activity (cf. I, 2). In heart muscle, Lueken and Schutz (22) using monophasic recording from chilled frog hearts, have shown that it is present during refractoriness.
They also showed the main features of such gra.ded responses, that is, a decremental nature and the variation of amplitude with both stimulus interval and intensity. While decremental responses occur in heart muscle under a variety of conditions (2.3-29, slower upstroke (figs. 3, 6 and 7). Graded responses can then be viewed as the manifestation of the number of carriers activated by depolarizations of different magnitudes. Nevertheless, a sequence of -ionic conductance changes similar to that producing the upstroke of the action potential probably underlies the graded response since the latter has the general form of the all-or-none response and is also triggered by a decrease in membrane potential.
The difference, however, is that the events do not necessarily displace the 0% Y's membrane . 7 and 8*4 potential to my fixed level ). Assum ing that the po tassium outward curre nt is rel .atively constant at any one mo ment after an ac lion potential, the gradation in amplitude suggests that the inactivation and reactivation of sodium carriers may be more complex than has been postulated (26) . Thus, not only may the thresholds of carriers differ but also the timecourse of reactivation of individual carriers mav show some variation.
The observation that in a reduced Ca++ medium more steps of amplitude variation can be obtained suggests that the reactivation process is effected. The change in the amount of Ca++ is not sufficient to produce any alteration in the conditioning response, i.e. in the resting sodium carriers that are being activated.
However, carriers which are being reactivated may be more strongly influenced than those in the resting state. This agrees with the finding that Ca+f ions have a more profound effect on the Na+ carrying mechanism than on the resting potential (18) .
A change in the same direction occurs in frog skeletal muscle when the critical potential for firing becomes scattered in a medium containing little Ca++ (28). The observation that in a low Ca++ medium graded responses appear in larger areas is in agreement with a previous observation that cardiac muscles tend to produce mu1 t ifocal pacemakers in this environmenl (I 2). In the all-or-none response decrement less propagation is inseparably tied to the changes in membrane conductance by local circuit escitation.
In the graded response when decrement occurs, the safety factor by deGnition is lowered. The threshold of the region in advance of the leading front. of an impulse is, however, still low enough so that responses with overshoots may be produced there by local circuit current . But no propagation takes place unless the response has at least a minimum duration. This requirement is effected by contribution from adjacent areas (figs. 6, 7 and 9). Sub threshold responses were originally thought to be small depolarizations limited to a minute area (19, 29, 30) . Since 1 hey also procede membrane act ion potentials (3 I, 3 2) they are considered as essentially similar to propaga t ed all-or-not hi ng responses (26) . Whet her graded responses are intermediary steps between subthreshold response and the action potential remains to be shown. The results in this paper suggest considering an area factor in initiating propagation (29). In support of this suggestion is the observation that cathodal graded responses may change only slightly in amplitude as the distal response changes from decrement al propagated all-or-none activit.y.
